Abstract Aims/hypothesis: Debate exists regarding the role of resistin in the pathophysiology of insulin resistance. The aim of this study was to directly assess the effects of resistin (0-24 h) on basal and insulin-stimulated glucose uptake and metabolism in skeletal muscle cells and to investigate the mechanisms responsible for the effects of resistin. Methods: We used L6 rat skeletal muscle cells and examined [
Introduction
Several years of capricious interest in the link between resistin and diabetes [1] have been enhanced by recent developments such as the generation of mice lacking or overexpressing resistin [2] [3] [4] [5] . Resistin was discovered by virtue of its altered gene expression in mouse adipocytes in response to the peroxisome proliferator-activated receptor-γ ligands known as thiazolidinediones [6] . Addition of the recombinant protein to normal mice or cultured adipocytes impaired insulin action and neutralization of resistin function with anti-resistin antibody improved insulin action in mice with diet-induced obesity [6] . Plasma resistin levels are increased in ob/ob, db/db and diet-induced obese mice [6] , although, concomitantly, resistin mRNA levels in obese rodents are often found to be decreased [7] [8] [9] . It is now appreciated that there is often a discrepancy between the circulating protein levels of resistin and the mRNA content in adipocytes [10, 11] .
The gene encoding resistin produces a secreted protein consisting of 94 amino acids. The pathophysiological role of resistin in humans has been questioned because the human homologue of resistin is only 59% identical to mouse resistin at the amino acid level and the source of resistin appears to differ in humans [6, 12] . Resistin protein is almost undetectable in human adipocytes [13] and instead, macrophages appear to be the principal source [14] .
This reinforces the need to view adipose tissue, rather than simply adipocytes, as a dynamic endocrine organ and to be aware of the importance of resistin (also called 'found in inflammatory zone 3', FIZZ3) in the low-grade inflammatory condition associated with obesity [15] . Nevertheless, despite the species differences outlined above, an increased plasma resistin concentration was observed in the serum of obese [16] or type 2 diabetics [17] and thiazolidinedione treatment resulted in decreased plasma resistin levels in patients with type 2 diabetes [18] . Furthermore, although some studies suggest a link between resistin and insulin sensitivity [19] others have failed to show an association with insulin resistance [16, 20, 21] . Similarly, genetic analyses have suggested that resistin plays a role in the aetiology of insulin resistance and diabetes [22, 23] , whereas others contest this view [24] .
The aim of this study was to assess the ability of recombinant resistin to directly alter glucose uptake and metabolism in skeletal muscle cells and to investigate the mechanisms responsible for the effect of resistin. This work, which involves various periods of resistin treatment (0-24 h), follows up our initial work examining the effects of acute resistin treatment [25] .
Materials and methods

Materials
The cell culture medium (α-minimal essential medium [α-MEM]), foetal bovine serum (FBS) and antibiotics/antimycotic solution were purchased from Wisent (St Bruno, QC, Canada). Cytochalasin B, glycogen and O-phenylenediamine di-hydrochloride (OPD), triethanolamine were purchased from Sigma (St Louis, MO, USA). Human insulin (Humulin) was from Eli Lilly (Toronto, ON, Canada) and D-[U- 14 C]glucose and deoxy-D-[2-3 H]glucose were from Amersham (QC, Canada). Recombinant murine resistin was used in this study and was purchased from Peprotech (Ottawa, ON, Canada). Anti-myc antibody (9E10) and insulin receptor-α subunit and insulin receptor substrate-1 and -2 (IRS-1 and IRS-2) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Lactacystin was obtained from Calbiochem (La Jolla, CA, USA). Insulin receptor-β subunit (Ab-6) and glycogen synthase kinase-3β (GSK-3β) antibody and phospho-specific antibodies for insulin receptor β-subunit (IRβ; Y972), IRS-1 (Y612 and S616) were purchased from Biosource (Montreal, QC, Canada). Antibodies against total Akt, Akt1, Akt2 and Akt3 were from Oncogene Research Products (La Jolla, CA, USA). Polyclonal phosphospecific antibodies to Akt (T308 and S473), IRS-1 (S307) and GSK-3β (S-9) were from Cell Signaling Technology (Beverly, MA, USA). Antibodies to glucose transporter 1 (GLUT1) and GLUT4 were obtained from Biogenesis (Poole, UK). Horseradish peroxidase-conjugated secondary antibodies were purchased as follows: anti-rabbit-IgG (Cell Signaling Technology), anti-goat IgG (Calbiochem) and anti-mouse IgG (Bio-Rad, Mississauga, ON, Canada). All other reagents used were of the highest purity available.
Cell culture L6-GLUT4myc myoblasts (a kind gift from A. Klip, The Hospital for Sick Children, Toronto, ON, Canada) were cultured as described previously [26] in α-MEM supplemented with 10% (v/v) FBS and 1% antibiotic/antimycotic solution (100 units/ml penicillin, 100 μg/ml streptomycin, 250 ng/ml amphotericin B) in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Cells were passaged before reaching confluence. The standard growth medium was changed every 2 days.
Glucose uptake Cells were cultivated in 24-well plates with or without resistin for periods of 0-24 h and were serum starved for 3-5 h then incubated, in the continued presence of resistin, for different times (0-20 min) with or without insulin as indicated in the figure legend. Subsequently, glucose transport was assayed for 5 min at room temperature as previously described [27] . The incubation medium was aspirated, the cells were washed with ice-cold saline, and 200 μl of KOH (1 mol/l) was added to each well. Aliquots of cell lysates were transferred to scintillation vials for radioactivity counting and the remainder were used for protein assay. Non-specific uptake was determined in the presence of cytochalasin B (10 μmol/l) and was subtracted from all values. Results are calculated as pmol of glucose uptake per min per mg protein.
Determination of cell surface GLUT4-myc
The amount of GLUT4-myc present at the cell surface was measured by an antibody-coupled colorimetric assay as described previously [27] . The L6GLUT4-myc cells are stably transfected to express GLUT4 tagged on its first exofacial loop with a myc epitope. The exofacial placement of the myc epitope on GLUT4 allows the analysis of GLUT4 localisation in intact cells. Briefly, L6 myoblasts were grown in 12-well plates in the presence or absence of resistin (50 nmol/l) for 24 h followed by the 3-5 h of serum starvation in the continued presence of resistin. Cells were then treated with or without insulin (100 nmol/l) for 20 min. Subsequently, cells were quickly washed in icecold PBS and incubated with anti-c-myc antibody (9E10, 1:200 dilution) for 60 min at 4°C. Cells were washed and fixed in 3% paraformaldehyde for 3 min on ice. The fixative was neutralised by incubation in 10 mmol/l glycine in ice-cold PBS for 10 min. Cells were incubated in 10% goat serum for 10 min and then with horseradish peroxidaseconjugated goat anti-rabbit IgG (1:1,000 dilution, 4°C) for 60 min. Cells were washed five times with ice-cold PBS and incubated for 30 min at room temperature with 1 ml of OPD reagent per well. The reaction was stopped by adding 0.25 ml of HCl (3 mol/l) and supernatant absorbance was measured at 492 nm. Absorbance associated with nonspecific binding (primary antibody omitted) was used as a blank and was subtracted from all values.
Glycogen synthesis
Glycogen synthesis was measured by the incorporation of D-[U- 14 C]glucose to glycogen as we described previously [28] with a few modifications. Briefly, cells were grown in six-well plates and pre-incubated with or without resistin (50 nmol/l) for 0-24 h and deprived of serum for 3-5 h before incubation with 5.55 kBq/ml D-[U- 14 C]glucose in the presence or absence of insulin (100 nmol/l) for 2 h. The cells were washed three times with cold PBS and lysed in 1 mol/l KOH. To measure insulin-stimulated incorporation of glucose into glycogen, cell lysates were used for overnight glycogen precipitation with ethanol. Precipitated glycogen was then dissolved in water and transferred to scintillation vials for radioactivity counting.
Glucose oxidation
Glucose oxidation was measured by the production of 14 
CO 2 from D-[U-
14 C]glucose as previously described [28] . Briefly, cells were grown in 60 × 15 mm Petri dishes and pretreated with or without resistin (50 nmol/l) for 0-24 h followed by serum starvation. Cells were then incubated with medium containing 5.55 kBq/ml D-[U- 14 C]glucose with or without insulin for 2 h. Each Petri dish was sealed with parafilm containing a piece of Whatman paper attached to the inside. The Whatman paper was wet with 100 μl of phenylethylamine-methanol (1:1) to trap CO 2 produced during the incubation period. After 2 h of incubation, 200 μl of H 2 SO 4 (4 mol/l) was added, followed by further incubation for 1 h at 37°C. Finally, the pieces of Whatman paper were removed and transferred to scintillation vials for radioactivity counting.
Lactate assay
Lactate content was determined by the lactate oxidase method using a lactate assay kit (Sigma). Cells were incubated with resistin (50 nmol/l) for 24 h then serum starved for 3-5 h in the continued presence of resistin, before treatment with or without insulin for 2 h, after which the media was collected and used for analysis.
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide assay Cell viability was determined using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, St Louis, MO). Briefly, cells were seeded at a density of 1 × 10 6 cells/ml in 96-well plates and incubated in the presence or absence of resistin (50 nmol/l) for 24 h. MTT was then added and the ability of cells to reduce this substrate to the blue formazan product was determined colorimetrically (550 nm) as an indicator of metabolically active cells.
Western blotting
To prepare lysates for immunoblotting, cells were grown in six-well plates and treated with resistin (50 nmol/l, 0-24 h) or after 24 h in the presence or absence of resistin (50 nmol/l), they were incubated for the times indicated (0-30 min) with or without insulin. We also treated cells with lactacystin (10 μmol/l, 1 h pretreatment) to prepare lysates for examination of IRS-1 or Akt1 protein content. Lysates were prepared exactly as we previously described [27] . Prior to loading onto SDS-PAGE gels, the samples were diluted 1:1 (v/v) with 2 × Laemmli sample buffer (62.5 mmol/l Tris-HCl [pH 6.8], 2% [w/v] SDS, 50 mmol/l dithiothreitol, 0.01% [w/v] bromophenol blue). Equal amounts of muscle proteins (30 μg) were resolved by SDS-PAGE (8-10%), and then transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Burlington, ON, Canada). Membranes were probed with primary antibodies against proteins of interest (phospho GSK-3β at 1:3,000, all Akt antibodies, IRS-1, IRS-2 and phospho IRS-1 at 1:1,000 dilution; GLUT4, phospho IRS Y612 and S616 1:2,000; GLUT1, insulin receptor α-subunit [IRα] and phospho IRβ 1:500; and IRβ and GSK-3β 1:200) and appropriate horseradish peroxidase-conjugated secondary antibodies (anti-rabbit at 1:10,000 dilution, goat 1:3,000 and mouse 1:3,000) were used in each case and detected by the enhanced chemiluminescence method.
Statistical analysis
Data are expressed as means±SEM. Statistical analysis was undertaken using one-way ANOVA or the paired Student's t-test where appropriate. Differences between groups were considered statistically significant when p<0.05.
Results
The results shown in Fig. 1a demonstrate that resistin decreased both basal and insulin-stimulated glucose uptake. An approximate 20% decrease in basal glucose uptake values was observed in cells treated for 24 h with resistin. Although insulin did increase glucose uptake above control in the presence of resistin the magnitude of the response was significantly attenuated (e.g. 1.75-fold in the absence and 1.44-fold in the presence of resistin upon 10 min stimulation with insulin). It is important to point out that cell viability was unaffected by resistin over this time period as assessed by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay (control: 1.0± 0.02; resistin (50 nmol/l, 24 h): 1.03±0.03). We also tested the effect of a range of resistin preincubation times (0-24 h) on basal and insulin-stimulated glucose uptake and found that a significant decrease was elicited by resistin after as little as 2 h (Fig. 1b) . A trend towards partial recovery of the insulin response at later time-points was observed. Further analysis of the mechanism underlying the effect of resistin (24 h) on glucose uptake revealed that the ability of insulin to increase the amount of glucose transporter GLUT4 at the cell surface was prevented by resistin (Fig. 2a) . Resistin treatment for 24 h did not alter the total content of either GLUT1 (0.92±0.1-fold relative to control) or GLUT4 (1.06±0.04-fold relative to control) in these cells (Fig. 2b) .
We also investigated the metabolism of glucose and found that both basal and insulin-stimulated glycogen synthesis were decreased in cells treated with resistin for between 0 and 24 h (Fig. 3a) . There was a decrease in both the basal (0.79-fold relative to control) and insulinstimulated (e.g. at 5 min insulin stimulation 1.56-fold and 1.29-fold above control in the absence and presence of resistin, respectively) level of GSK-3β phosphorylation in response to resistin (24 h, Fig. 3b ) but there was no significant change in the total protein level of GSK-3β protein (0.99±0.09-fold relative to control) in these cells (Fig. 3c) . Resistin reduced both basal and insulinstimulated glucose oxidation after as little as 2 h and up to 24 h pretreatment (Fig. 4a) . Insulin normally elicits a small but significant increase in lactate production and neither this effect of insulin nor basal levels of lactate production were affected by resistin (24 h, Fig. 4b) .
Having determined the effect of resistin on glucose uptake and metabolism, we next examined the effect of resistin on signalling pathways normally employed by insulin in the regulation of glucose uptake and metabolism. First, we found that resistin did not appear to mediate effects at the level of insulin receptor because neither the level of α and β subunit proteins (1.01±0.03-fold and 1.01± 0.02-fold, respectively, relative to control) were altered by resistin (Fig. 5a) . Similarly, basal and time-dependent insulin-stimulated tyrosine phosphorylation of the IRβ (Fig. 5b) were not affected by resistin (e.g. at 5 min insulin stimulation 2.01-fold and 2.05-fold above control in the absence and presence of resistin, respectively). However, we found that resistin selectively decreased production of total IRS-1 protein (0.52±0.09-fold relative to control), without altering levels of IRS-2 (0.98±0.08-fold relative to control) as shown in Fig. 6a . Further analysis of the temporal nature of the resistin-induced decrease in IRS-1 protein content (Fig. 6a) fold and 1.78-fold above control in the absence and presence of resistin, respectively, Fig. 6b ). There was no significant change upon resistin treatment in the level of insulin-stimulated IRS-1 S616 phosphorylation (e.g. at 15 min insulin stimulation 1.59-fold and 1.68-fold above control in the absence and presence of resistin, respectively) or IRS-1 S307 phosphorylation (e.g. at 15-min insulin stimulation 3.23-fold and 3.47-fold above control in the absence and presence of resistin, respectively) as shown in Fig. 6c,d . However, because of the reduced level of IRS-1 protein found in resistin-treated cells it is likely that the stoichiometry of tyrosine phosphorylation is not altered by resistin whereas the relative amount of serine phosphorylation is increased.
Resistin also mediated isoform-specific effects at the level of Akt. We found a decrease in the total Akt content upon treatment of L6 cells with resistin (0.69±0.06-fold relative to control) and further examination demonstrated that this was accounted for by a selective decrease in the level of Akt1 (0.42±0.07) with no change in Akt2 (0.96± 0.04) or Akt3 (1.02±0.03) production (Fig. 7a) . Having shown that both IRS-1 and Akt1 production were reduced by resistin we used lactacystin to examine the potential role of proteasome-mediated degradation. Surprisingly, we found that lactacystin caused a decrease in basal IRS-1 and Akt-1 protein content while others (e.g. β-actin) were unaffected under these conditions. Resistin caused no significant decrease in IRS-1 or Akt-1 production in the presence of this inhibitor (data not shown). There was a decrease in the basal level of Akt phosphorylation in response to resistin and analysis of the time-course of Akt activation in response to insulin, assessed by its phosphorylation on T308 and S473, demonstrated that this was attenuated by resistin as shown in Fig. 7b ,c (e.g. at 5 min insulin stimulation T308 phosphorylation was 1.73-and 1.22-fold above control in the absence and presence of resistin, respectively).
Discussion
In this study we examined the direct effect of resistin on glucose uptake and metabolism in rat skeletal muscle cells. Considerable debate exists regarding the role of resistin in the pathophysiology of insulin resistance in humans and animals and as to whether resistin acts primarily in muscle, liver or fat [2, 3, 5, [29] [30] [31] [32] . However, several studies provide convincing evidence for an effect of resistin in skeletal muscle. For example, use of adenovirus to overexpress murine resistin at supraphysiological concentrations for 7 days in male Wistar rats caused glucose intolerance, hyperinsulinaemia and an impaired ability of insulin to lower blood glucose [31] . Resistin caused insulin resistance at the level of both skeletal muscle (decreased insulin-stimulated glucose infusion during clamp) and liver (attenuation of suppression of hepatic glucose output) [31] . Furthermore, preventing resistin action in transgenic mice expressing a dominant inhibitory version of the protein improved insulin sensitivity and glucose tolerance in mice [5] . A recent elegant study where adipocytes transfected in vitro to express resistin were surgically inserted into mice showed that these mice then exhibited high plasma resistin levels [32] . Importantly, this was associated with whole body insulin resistance and decreased IRS-1 phosphorylation in muscle [32] , although it was suggested that these in vivo effects of resistin may be mediated via increased TNF-α production. We have also recently demonstrated that resistin acutely decreased glucose uptake in skeletal muscle cells [25] .
Although results from both ourselves [25] and others [6] have established the ability of acute resistin treatment to reduce glucose uptake in muscle and fat, few studies have examined the direct effect of chronic resistin on glucose uptake. We believe that because chronic hyperresistinaemia is typically found in obese animals and humans that chronic effects are more pertinent to the pathophysiology of diabetes. One recent study has shown that chronic resistin treatment of adipocytes caused a small but significant decrease in glucose uptake [17] . Notably, the effect of resistin on glucose metabolism remains to be determined. Here we further investigated the role of resistin in regulating basal and insulin-stimulated glucose uptake and metabolism in rat skeletal muscle cells by examining the effect of resistin treatment times up to 24 h. We have shown that resistin caused a decrease in both basal and insulinstimulated glucose uptake. This expands upon our previous work [25] using shorter resistin pretreatment times and is similar to studies performed in adipocytes [6, 17] . Furthermore, we measured the cell surface content of myctagged GLUT4 in intact cells to identify that the mechanism underlying the effect of resistin on insulin-stimulated glucose uptake involved a decrease in the extent of translocation of GLUT4 to the cell surface. In attempting to explain the decreased basal glucose uptake we found no overall change in GLUT1 or GLUT4 protein content.
To further investigate the mechanism whereby resistin decreased GLUT4 translocation and glucose uptake we examined components of the insulin signalling pathway known to regulate these phenomena [33] . Resistin had no effect on insulin signalling at the level of the receptor because total protein content was unaltered and insulinstimulated tyrosine phosphorylation remained intact. Interestingly, we found effects on specific isoforms of both IRS and Akt. Production of IRS-1 but not IRS-2 was decreased by resistin and this correlated with a reduced level of IRS-1 tyrosine phosphorylation (Y612). Thus, the decrease in the observed level of IRS-1 Y612 phosphorylation may be the result of a reduced level of protein production rather than a change in the stoichiometry of phosphorylation. Based upon previous work documenting the inhibitory effect of phosphorylation of this residue on insulin signalling [34] , we speculated that this may represent another way in which resistin leads to insulin resistance or degradation of IRS-1 [34] . However, we observed no change in the basal or insulin-stimulated total levels of IRS-1 phosphorylation on S616 after 24 h of resistin treatment. However, as alluded to above, because the IRS-1 protein production is decreased in resistin-treated cells this implies an increased stoichiometry of S616 phosphorylation in the presence of resistin which may contribute to depression of insulin signalling. We also investigated the regulation of IRS-1 S307 phosphorylation because this residue has been implicated in degradation of the protein via a proteasome pathway, yet we did not detect a significant change in the level of insulin-induced phosphorylation of this residue in the presence of resistin. We found that resistin reduced Akt1 isoform production but did not alter Akt2 or Akt3 isoform production. We confirmed the functional consequence of resistin's effect on Akt by demonstrating reduced phosphorylation of the kinase on both T308 and S473. Importantly, a recent study demonstrated that phosphorylation of IRS-1 and Akt was reduced in rats overexpressing resistin [31] . It was recently demonstrated in L6 cells that IRS-1 regulates the activation of Akt1, GLUT4 translocation, and glucose uptake whereas IRS-2 regulates ERK signalling [35] . Thus, a specific effect of resistin here on IRS-1 and Akt1 function is in keeping with decreased glucose uptake and metabolism.
In this study we also examined the effect of resistin on glucose metabolism in rat skeletal muscle cells. We found a decrease in both glycogen synthesis and glucose oxidation. This is in agreement with one previous study which demonstrated that treatment of skeletal muscle from hypertensive rats with 600 ng/ml of recombinant resistin for 2 h inhibited both insulin-stimulated glycogen synthesis and glucose oxidation [4] . The reduction in glycogen synthesis is particularly important and we went on to show that this effect correlated with decreased GSK-3β phosphorylation, whereas total protein content was unaltered. The ability of insulin to stimulate hepatic Akt and GSK-3 phosphorylation was previously shown to be enhanced by antisense-mediated knockdown of circulating resistin levels [30] . Here, our results are consistent with a mechanism involving defects in IRS-1, Akt-1 and GSK-3β leading to decreased glycogen synthesis in skeletal muscle cells. The reduced glucose oxidation also observed in response to resistin will probably also place a higher demand on fatty acid oxidation to maintain the energetic needs of muscle.
In summary, we have shown that resistin reduced basal and insulin-stimulated glucose uptake, oxidation and glycogen synthesis. The mechanism of resistin action may involve alterations in IRS-1 and Akt1 function or additional parameters not investigated here. Our results agree with prior studies suggesting that chronic elevation in resistin levels can cause whole body insulin resistance and defects in insulin signalling in skeletal muscle [31] . These effects would be expected to contribute to the development of hyperglycaemia and our observations confirm resistin as a potential direct regulator of glucose homeostasis.
